Introduction
Rainfall is not only an important weather variable, but also a vital climate parameter. Because of the availability of computing power and human resources, efforts have been made recently to compile the precipitation data over the globe [such as the Global Precipitation Climatology Project described by Huffman et al. (1996) and Xie and Arkin (1997) 
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Under a weather hazard prevention program in Taiwan, the Vaisala Meteorological Instrument, Inc., of Finland and the Environmental Science and Engineering Corporation of Taiwan jointly developed and installed more than 300 stations of the Automatic Rainfall and Meteorological Telemetry System (ARMTS) over this subtropical island with an area of approximately 30 000 km 2 . The Taiwan ARMTS network can provide the hourly rainfall data of not only a densely instrumented, but also very uniquely observed, geographically complex island embedded in the east Asian monsoon environment. The hourly ARMTS rainfall for the period 1993-96 supplemented with the hourly surface winds and pressure observed by 25 conventional surface stations around this island are analyzed to understand three aspects of the diurnal and seasonal variations of Taiwan rainfall. The preliminary results of the analysis are presented in this paper. 1) The maximum daily rainfall occurs at about 1600 ~ 1700 LST, which is about 2-3 h behind the maximum horizontal convergence of surface airmass flux. This time lag suggests that the interaction between mountains and the land-sea breeze circulation may have a timing regulation effect on the maximum daily rainfall. 2) The daily rainfall variations in Taiwan exhibit a bimodality (an early morning minor maximum and an early evening maximum). Although the timing of these two rainfall maxima coincides with the surface pressure minima of semidiurnal variation, the surface pressure tendency analysis does not support this possible cause of the bimodal rainfall variation. The contrast between daily rainfall variation and divergence of surface airmass flux suggests that the early morning rainfall maximum may be induced by the nocturnal drainage flow along the western slope of the Taiwan central mountain range.
3) The seasonal variation of Taiwan rainfall consists basically of a seasonal seesaw between the summer rainfall over west Taiwan and the fall-winter rainfall over northeast Taiwan. Four rainfall regimes over a year are identified around the island. The seasonal transitions of Taiwan rainfall are essentially formed by a counterclockwise rotation of these four rainfall regimes.
tation data for the United States detailed by Higgins et al. (1996) ]. These precipitation datasets, which cover a time period longer than a decade, are great assets of the current climate research. However, due to the lack of data homogeneity, the coarse resolution of these precipitation data make it difficult, if not impossible, for us to explore the microclimate rainfall patterns over some specific regions. Actually, the engagement of this type of research work requires the rainfall observations of high-density rain gauges over the concerned region. The conventional surface observation stations in any region of the world most likely do not meet this prerequisite condition.
Taiwan, a subtropical island (22°-25.5°N) within the western Pacific island chain, often suffers severe weather-related damage, particularly heavy rainfall. In 1982, the Taiwanese government initiated a weather hazard prevention program under which an Automatic Rainfall and Meteorological Telemetry System (ARMTS) was developed by the Vaisala Instrument Inc. of Finland and the Environmental Science and Engineering Corporation of Taiwan (Hsu 1998) . This ARMTS network, completed in August 1997 and operated by the Central Weather Bureau of Taiwan, includes 223 rainfall stations and 102 rainfallmeteorological stations; 295 of these stations (marked by dots in Fig. 1 ) have been operational since 1993. In addition, the Taiwan weather bureau also operates 25 conventional surface stations (marked by open asterisks in Fig. 1 ) whose observations can be incorporated into the ARMTS rainfall data. A detailed description of all ARMTS and surface stations is provided by a publication produced by this operational center (Central Weather Bureau 1995) . The original goal of the ARMTS network is to "provide effective real-time rainfall and hourly meteorological data for weather watches and the prediction of heavy rains" (Hsu 1998 ). Nevertheless, this dense rain gauge coverage of the ARMTS and surface stations over an island with an area of approximately 31 000 km 2 generates an invaluable and unique rainfall dataset for us to explore the rainfall microclimate of Taiwan.
Severe weather disturbances passing through Taiwan include typhoons in summer and fall, mediumscale cyclones and cold surges in winter, thunderstorms and squall lines in spring, and the Mei-yu in late spring. In contrast, some quasiperiodic short-term climate changes in Taiwan are closely linked to the rainfall of this island. Two such phenomena are the alternation of two east Asian monsoons (the summer southwest monsoon and the winter northeast monsoon) and the alternation of land and sea breezes. For the latter phenomenon, one may question what the relationship between the diurnal rainfall variation and the land-sea breeze circulation around this island is. The diurnal rainfall variation over Taiwan also exhibits a bimodality. Could this bimodal rainfall variation be related to a distinct semidiurnal variation of surface pressure observed by our recent study (Chen et al. 1998) ? Despite its limited size (about 400 km long and 150 km wide), Taiwan has a complex geographic structure (Fig. 1) . The alternation of two east Asian monsoons may form two rainy seasons (summer and winter) in Taiwan, but its geography may complicate the seasonal variation of rainfall in different regions of the island. Without high-quality and high-density measurements of rainfall in time and space over Taiwan, systematic analysis and documentation cannot be made for these interesting rainfall climatic phenomena over such a limited region.
The purpose of this paper is twofold. First, we would like to share with the meteorological community some interesting preliminary results of our analysis concerning the diurnal and seasonal variations of Taiwan rainfall. Second, we would like to alert the meteorological community to the availability of such a dense, high-quality rainfall dataset over a large subtropical island within the east Asian monsoon system.
Rainfall climatology
To facilitate our later discussion, it would be conducive to provide a brief description of the rainfall climatology and temporal evolution of the monsoon in Taiwan pertaining to our study.
a. Rainfall
Shown in Fig. 2a are the yearly mean rainfalls for ARMTS stations larger than 0.3 cm day −1
. Note that the lack of recorded rainfall in southeast Taiwan is not because of the dryness there but because no ARMTS stations are available. Since Taiwan is embedded in the east Asian monsoon system, it is not surprising that monsoon rainfall exists over most of Taiwan, particularly on the slope of the central mountain range, and in southwest and northeast Taiwan. The east Asian monsoon system alternates between the summer southwesterly and winter northeasterly monsoon flows (Ramage 1971) . The blocking effect of the central mountain range on the monsoon flows in the two seasons results in the aforementioned major rainfall regions of Taiwan.
The diurnal variation of Taiwan rainfall in summer is one of two research areas concerned in this paper. Thus, it is important for us to know how significant the diurnal rainfall variation is in comparison with the rainfall climatology. For this purpose, the root-mean-square (rms) values of hourly rainfall departures (from the daily mean rainfall) at ARMTS stations larger than 0.2 mm h −1 are shown in Fig. 2b . The diurnal rainfall variations at most ARMTS stations are comparable to their yearly mean rainfall (Fig. 2a) , especially for those stations on the southwestern slope of the central mountain range. The larger diurnal rainfall variation over this region may be attributed to the facilitation of convection by orographic lifting. In view of the contrast between Figs. 2a and 2b, the pronounced diurnal variation of rainfall over Taiwan would be worth exploring in its relationship with the land-sea breeze around this island.
b. Seasonal variation
The low-level winds and rainfall, which are often used as indicators of the monsoon development by many operational centers in Asian countries (e.g., Fein and Stephens 1987) , are employed to illustrate the transition of the two monsoons and the seasonal variation of rainfall in Taiwan. The surface wind of Penhu (a small island located in the middle of the Taiwan Strait and marked by a dot in Fig. 2a ) is adopted as a monsoon index in this study. Shown in Fig. 2c is not only the monthly mean surface wind vector at Penhu, but also the direction of this wind vector. According to Ramage (1971) , a monsoon is defined as a circulation system with the reversal of wind direction (more than 120°) once a year. As indicated by the surface wind direction at Penhu, two monsoon seasons emerge: a northeasterly regime (September-May) and a southwesterly regime (June-August). The onset of Mei-yu season occurs in about the middle of May (Tao and Chen 1987) , when the northwesterlies at this stage are reversed to southwesterlies. Since the monsoon northeasterlies are stronger in speed than the monsoon southwesterlies, it is not surprising to find that the monthly mean Penhu surface wind vector in May is still a weak northeasterly. Nevertheless, based upon the direction of Penhu's surface wind vector, the transition from one monsoon to the other is relatively sudden. The onset of the summer monsoon (Mei-yu season) is usually marked by the beginning of heavy rainfall over a certain time period, at least several days. Although the Penhu wind vector does not switch its direction from northeasterly to southwesterly until June, the summer monsoon rainfall in Taiwan (Fig. 2c ) increases dramatically in May and continues for four months (May-August). Note that a one-month discrepancy exists between the monthly mean wind and rainfall indices shown in Fig. 2c . This discrepancy may be attributed to two factors: 1) the surface northeasterly at Penhu before the Mei-yu onset is larger in magnitude than the surface southwesterly after the Mei-yu onset. The cancellation between the monsoon northeasterly and southwesterly in May results in a much weaker monthly mean Penhu surface wind.
2) The occurrence of heavier rainfall right after the Mei-yu onset makes the monthly mean rainfall in May comparable to the rainfall of the other three summer months. Also, another interesting feature of Taiwan's monsoon rain is worth mentioning. In spite of the strong monsoon northeasterlies, the winter monsoon does not generate as much monsoon rainfall over Taiwan as the monsoon southwesterlies do in west Taiwan. It is a general perception that monsoons are associated with rainfall. Actually, the persistent winter monsoon rainfall (caused by the monsoon northeasterlies) exists over northeast Taiwan (including the Taipei and Lanyang valleys shown in Figs. 9c, d ). Because the winter monsoon rainfall covers a region much smaller than the summer monsoon rainfall (Fig. 9b ), the accumulated rainfall histogram shown in Fig. 2c is certainly much less in winter.
Diurnal variation
The diurnal rainfall variation over a large island with complicated geography may have to be categorized into different rainfall regimes as Oki and Musieke (1994) did with the islands of Japan. Taiwan, a large north-south elongated subtropical island, is characterized geologically by a relatively high northsouth-oriented central mountain range. Regardless of its complex geographic structure, the entire island is subjected to a relatively synchronous daily variation of land-sea breeze along both sides of the island. For this reason, focusing our effort on just the diurnal variation of rainfall over the entire island, rather than a detailed categorization of different diurnal rainfall regimes, may be more illustrative. Malkus (1955) examined a summer case of the land-sea breeze and diurnal variation of cumulus convection around Puerto Rico, an east-west elongated tropical island embedded in the tropical trade easterlies. In addition to its different geographic orientation, the summer climate of Taiwan is under the influence of the southwest monsoon. Since the geographic and climatic setting of Taiwan is so different from that of Puerto Rico, it is of interest to explore the diurnal rainfall variation and the land-sea breeze of Taiwan. The Tropic of Cancer passes through Taiwan so that the day length is relatively long and uniform during summer (JuneAugust). For this reason, we shall focus our attention in this section only on summer. Whiteman and Bian (1996) showed that a longterm (≥ 1 month) average of hourly data is an effective means of isolating diurnal and semidiurnal signals of wind fields. In other words, transient atmospheric disturbances can be efficiently filtered out by this averaging procedure. Even by averaging the hourly surface pressures and vertical wind profiles over an entire year, we are still able to extract properly diurnal and semidiurnal components of these two variables in our recent study (Chen et al. 1998) . In view of its filtering effect, we shall apply this averaging procedure to deal with the daily rainfall variation and the land-sea breeze circulation depicted by surface winds. The long-term averaged hourly rainfall of the Taiwan's ARMTS stations and surface winds of 15 conventional surface stations around this island will be used to pursue the following three aspects: (a) the daily variation of hourly rainfall and surface wind departures from their long-term averages, (b) the hourly accumulated rainfall over the entire island and the corresponding divergence of surface winds, and (c) a concise depiction of the diurnal oscillation of rainfall and surface wind by a principal eigenmode of the empirical orthogonal function (EOF) analysis (Kutzback 1967 ).
a. Daily variation of rainfall and surface wind
Shown in Fig. 3 are hourly surface wind departures from their long-term (1983-96) averages (∆V s ) (vectors) and rainfall P (open circles) at every hour of the local standard time (LST). Only 12 selected hourly charts are displayed here to highlight the daily variations of the Taiwan rainfall and surface wind. Salient features of these variations include the following. 1) As will be shown later in section 5, the summermean surface winds of all stations are smaller than 1 m s −1 , except for one station in northeast Taiwan.
In contrast, hourly ∆V s shows that the surface air flow converging toward or diverging out from the island in most hours is larger than the climatological surface winds. Apparently, the land-sea breeze around Taiwan is significant during summer. 2) As indicated by the daily variation ∆V s , the alteration between the land and sea breeze is clearly seen. After 0900 LST, the direction of the seaward land breeze around the island is reversed to become the landward sea breeze for the next 10 h. At 1900 LST, the sea breeze diminishes and yields to the land breeze once again. 3) Although rainfall is scattered around the island in the morning and late evening, the major daily rainfall occurs between 1500 and 1900 LST in the late afternoon-early evening [as observed by Riehl (1979) along the eastern coast of Texas]. 4) Based upon a subjective visual examination on the hourly (∆V s , P) charts, we find that the maximum convergence and rainfall take place at 1400 and 1600 1 700 LST, respectively. Evidently, a 2 ~ 3-h lag exists between them.
Numerous efforts have been made to investigate the diurnal variation of tropical cumulus convection and rainfall. The common finding of these studies is that the maximum cumulus convection and rainfall occurs during the late morning and early afternoon over open oceans and during the late evening and midnight over large islands (e.g., Murakami 1983; Nitta and Sekine 1994; Janowiak et al. 1994; and others) . The maximum daily rainfall in Taiwan does not seem to match this common daily timing of the tropical maximum cumulus convection and rainfall. Previous numerical studies (e.g., Mahrer and Pielke 1977; Savijärvi 1997) have shown that the combined sea (or lake) breeze and mountain circulations become more intense in combination. Presumably, the daytime warming-nighttime cooling of the mountains may enhance the land-sea breeze around the island. Since the highest mountain of Taiwan reaches to an altitude of 4000 m, can the timing of daily rainfall variation be regulated by the interaction between the land-sea circulation and orography on this island? This question may require a detailed numerical study.
b. Area-mean divergence and rainfall
The water vapor budget equation for an atmospheric column is 
where W, Q, E, and P are precipitable water, vertically integrated water vapor flux, evaporation, and precipitation, respectively. Equation (1) reveals that the water vapor source/sink (E-P) is maintained by the convergence/divergence of water vapor flux ∇ ∇ ∇ ∇ ∇ ⋅ Q when averaged over a long period of time. Without a phase change, water vapor is a passive constituent of the atmosphere and is primarily driven by low-level atmospheric flow. Thus, the low-level convergence/ divergence of mass flux is responsible for the convergence/divergence of water vapor flux. Based upon this argument, the diurnal rainfall variation over Taiwan should be closely related to the low-level convergence/ divergence of mass flux over the island. The daily variation of this convergence/divergence of mass flux may be seen from the surface wind vectors shown in Fig. 3 . However, in order to assess an accurate temporal relationship between divergence of mass flow and rainfall, a quantitative measurement of the areamean divergence and rainfall over Taiwan is needed. Because only surface winds are available, the areamean divergence over Taiwan (D s ) is evaluated in the following manner:
where A is the area of Taiwan (≅ 30 000 km 2 ) encircled by the circumference (L ≅ 813 km) connecting all 15 surface stations (Fig. 4a) . Here, v n and dR are the surface wind velocity normal to the circumference and distance increment along the circumference, respectively. The approach of Eq. (2) was adopted by Chen (1977) to compute the area-mean surface divergence over Lake Ontario, using the surface wind collected during the United States-Canada International Field Year for the Great Lakes.
Displayed in Fig. 4b are hourly D s (solid line) and rainfall (histogram) of the selected 282 ARMTS stations combined. Here D s changes its sign at 0900 and 1900 LST (which coincides with direction changes of the land and sea breezes shown, respectively, in Fig. 3) . The maximum rainfall is about 2 ~ 3 h behind the maximum convergence (when the minimum D s occurs at 1400 LST). Even for a smaller-scale densely instrumented network in south Florida, Ulanski and Garstang (1978) observed that surface convergence precedes large convective rainfall by about 1.5 h. A bimodality of Taiwan rainfall emerges with a predominant maximum at 1700 LST and a minor one at 0500 LST. Analyzing the daily rainfall variation for inland stations in Japan, Oki and Musieka (1994) also found this bimodality with an evening rain peak and a minor morning rain maximum. These comparisons indicate that our daily variations of D s and rainfall over Taiwan do not differ from previous studies for other regions.
To match the daily rainfall variation of Taiwan, maximum and minimum D s occur at 0600 and 1400 LST, respectively, about 2 ~ 3 h ahead of the minimum and maximum Taiwan rainfall at 0800 and 1700 LST, respectively. Precipitation P should be balanced by several hydrological processes: ∂W/∂t, ∇ ∇ ∇ ∇ ∇⋅Q,
and E. Although it should be cooler and drier in the mountains, the average summer temperature and relative humidity over Taiwan is about 28°C (32°C) and 85% (75%), respectively, during the evening (daytime). Since the humidity in the lowest layer of the troposphere over this island is so high, the lag between convergence and precipitation implies that moisture is stored in the atmospheric column for some time and then is released as convective precipitation develops.
While for large scales a quasi equilibrium tends to exist between large-scale destabilization and convective destabilization so that the moisture storage w/ t is small, on the mesoscale and convective scales this term is associated with the building of potential buoyant energy prior to its release by deep convection (for discussion, see, e.g., Frank 1983) . The time lag presumably reflects the time required for negative buoyant 
c. EOF analysis
To summarize concisely our analyses in the two previous sections, we perform the EOF analyses of the long-term averaged hourly V s at 15 surface stations around Taiwan and hourly rainfall observed by the 282 selected ARMTS stations. The first principal eigenmodes of V s and P (Fig. 5) explain 92.8% and 75.3% variances of these two variables, respectively. These eigenmodes are characterized by the following salient features.
1) The C1 (V s ) time series match quite coherently with the D s time series (Fig. 4b) ; the maximum and minimum values of C1(V s ) occur at 0600 and 1400 LST, respectively, while zero values occur at 0900 and 1900 LST. The spatial structure of E1(V s ) closely resembles the vector distribution of V s at 1400 LST (Fig. 3) .
2) The C1 (P) time series also exhibits a bimodality with a major maximum at about 1600 ~ 1700 LST and a very minor maximum at 0500 LST, as revealed from the Taiwan rainfall histogram in Fig. 4b . The spatial structure of E1(P) marked by open circles of different sizes is similar to the rainfall distribution at 1600 ~ 1700 LST (Fig. 3) , with the heaviest rainfall appearing in west Taiwan.
In short, the temporal evolution and spatial structure of the diurnal variations of rainfall and the landsea breeze around Taiwan can be approximately depicted simultaneously by the first eigenmodes of V s and P in Fig. 5. 
Semidiurnal variation
Our recent analysis of surface pressure p s and vertical wind profiles observed at the campus of National Central University in Taiwan (Chen et al. 1998) showed the existence of semidiurnal oscillation as analyzed by Whiteman and Bian (1996) over North America. A long debated issue has been whether daily convection and rainfall can be affected by the semidiurnal tide because the magnitude of horizontal divergence is insignificant. However, the coincident timing of the daily rainfall maxima and daily p s minima leads us to requestion the possible effect of semidiurnal p s oscillation on the daily rainfall variation. Now that we have the Taiwan ARMTS rainfall data and observations of surface meteorological variables at our disposal, examining the aforementioned debate again with a high quality dataset becomes feasible.
Let us examine whether the semidiurnal p s oscillation exists commonly over the entire island of Taiwan. Amplitudes of semidiurnal and diurnal p s components are about 1 ~ 1.5 and 0.5 mb, respectively, while their maximums appear around 0900 and 0400 LST, respectively (Fig. 6) . Evidently, a semidiurnal p s component is significant and relatively uniform over this island, regardless of its orographic conditions. This uniformity may not be a surprise if this semidiurnal mode is a response of surface pressure to the westward propagation of the semidiurnal tide (e.g., Lindzen 1990 ).
For rainfall, 62 ARMTS stations (out of 282 stations) whose hourly rainfall exhibits a distinct bimodality as shown in Fig. 6b are subjectively selected and marked by crosses in Fig. 6a Fig. 6b ) occurs at about 1600 LST when the heaviest late afternoon and early evening rainfall takes place. This coincident timing relationship is often observed between the sea breeze and afternoon rainfall (e.g., Riehl 1979). 3) The p s minimum occurs twice daily at about 0400 and 1600 LST in concert with the two daily rainfall maxima. One may argue the noninfluence of semidiurnal tide on daily rainfall variation in terms of its small horizontal divergence, but the coincidence of p s minima and rainfall maxima in their daily variations cannot occur accidentally. We shall explore this matter further with the Taiwan ARMTS rainfall data and observations from surface stations.
Rainfall is maintained by the convergence of water vapor flux, which is closely related to the convergence of horizontal mass flux (e.g., Piexoto and Oort 1992). On the other hand, the surface pressure tendency equation reveals that surface pressure tendency is caused by the vertically integrated divergence (e.g., Holton 1992) . In other words, rainfall and surface pressure tendency may be linked through divergence of mass flux. To substantiate this argument with diurnal and semidiurnal components of p s over the entire island of Taiwan, let us write the area-averaged surface pressure tendency equations as follows:
and
where
and A is the area of Taiwan. Also, (~) and (^) are diurnal and semidiurnal components of ( ), respectively. Because only surface winds for stations around the island are available, we will compute the area-mean surface divergence over Taiwan following Eq. (1) with stations shown in Fig. 4a . Computational results are presented in Fig. 7 . The linear semidiurnal tide theory proposed by Lindzen and Chapman (1969) predicted that the semidiurnal tide propagates uniformly down from the stratosphere to the troposphere. Therefore, one can expect a uniform vertical structure of semidiurnal oscillation in the troposphere (Whiteman and Bian 1996; Chen et al. 1998) . In our recent analysis of the semidiurnal component of global circulation (Chen and Schubert 1999, manuscript submitted to Bull. Amer. Meteor. Soc.) with the data generated by the Data Assimilation System of the Goddard Earth Observing System (Schubert et al. 1993) , the semidiurnal components of global streamfunction and velocity potential also exhibit a vertically uniform structure. If the daily variation of Taiwan rainfall is affected by the semidiurnal tide, this effect may be reflected in the horizontal divergence/convergence of surface airmass flux < ∇ ∇ ∇ ∇ ∇⋅V s > (through divergence/convergence of wa- is relatively minor. Additionally, < ∂p s / ∂t > and < ∇ ∇ ∇ ∇ ∇⋅V s > undergo an inphase variation that is exactly opposite to the prediction of Eq. (4). In view of these observations, the daily variation of < ∇ ∇ ∇ ∇ ∇⋅V s > does not seem to be caused by the semidiurnal tide. Lindzen (1978) showed analytically that the tropical rainfall effect can make up to a half-hour difference in the periodicity of semidiurnal tide between observation and prediction of the semidiurnal tide theory. Seemingly, there should be some relationship between the semidiurnal p s oscillation and tropical rainfall. Let us explore this possible effect of the semidiurnal tide on the Taiwan rainfall from a perspective different from our previous argument. The first peak value of < ∇ ∇ ∇ ∇ ∇⋅V s > (Fig. 7) appears about 2 h behind the early morning rainfall maximum of 0500 LST (Fig. 6b) . In other words, the daily variation of < ∇ ∇ ∇ ∇ ∇⋅V s > is following instead of leading rainfall. If < ∇ ∇ ∇ ∇ ∇⋅V s > is an indicator of any mechanism responsible for the occurrence of the early morning maximum rainfall, this 2-h time lag should be reversed. However, what can be responsible for the early morning rainfall maximum in Taiwan? Note that < ∇ ∇ ∇ ∇ ∇⋅V s > is a good indicator of water vapor supply to maintain Taiwan rainfall, and < ∇ ∇ ∇ ∇ ∇⋅Ṽ s > (as indicated by Fig. 7) is the major contributor to < ∇ ∇ ∇ ∇ ∇⋅V s >. To search for an answer to the aforementioned question, let us go back to reexamine the possible effect of the diurnal component. The land breeze becomes active after 2100 LST (Fig. 3) and < ∇ ∇ ∇ ∇ ∇⋅Ṽ s > peaks at 0200 LST. During the late night and early morning, the cooling of the mountain may result in cool dense air flowing down the terrain. Analyzing the climatology of downslope winds at Poona, India, Atmanathan (1932; also reffered to in Chapter 6 of Atkinson 1984) found that the maxiumum speed and frequency of these downslope winds occur at 0200 LST. The maximum < ∇ ∇ ∇ ∇ ∇⋅Ṽ s > of Taiwan seems consistent with Atmanathan's observation. Recall that most of the 62 ARMTS stations with a distinct morning rainfall maximum are located over the western slope of the central mountain range. The nocturnal inversion along the terrain may be broken by downslope flow so that early morning convection and rainfall are possible. The 3-h time lag (slightly longer than the 2-3-h time lag be- tween the afternoon maximum < ∇ ∇ ∇ ∇ ∇⋅Ṽ s > and the early evening maximum rainfall) is perhaps the time needed by the nocturnal drainage flow to accomplish the nocturnal inversion breakup. This argument suggests that the land breeze and the nocturnal downslope flow combined may be responsible for the early morning rainfall maximum. However, to substantiate this suggestion, a future effort to engage the further analysis of the meteorological data measured by the ARMTS meteorological stations is strongly urged.
Seasonal variation
Because of the geographic separation in Taiwan by the north-south-oriented central mountain range and the alternation between the northeast winter monsoon and the southwest summer monsoon, the rainfall in these two areas may undergo different seasonal variations. In order to understand these seasonal rainfall variations, we will pursue this matter by using the following two approaches:
1) an EOF analysis, and 2) an identification of rainfall regimes with the temporal evaluation pattern of the rainfall histograms at all ARMTS stations.
Approach 1 provides us with a concise view of the major seasonal variation components in Taiwan rainfall, while approach 2 provides the ability to depict the transition between the major seasonal variation components identified by approach 1. The results of these two approaches are as follows.
a. EOF analysis
After removing their annual averages, we perform the EOF analysis on rainfall departures for all ARMTS stations. Displayed in Fig. 8 are the eigencoefficient time series (C1 and C2; solid lines in Figs. 8a and 8c ) and eigenvectors (E1 and E2; open circles in Figs. 8b  and 8d ) of the first two principal eigenmodes. Based upon variances explained by the two eigenmodes (62.9% and 19.7%, respectively), the seasonal variation of Taiwan rainfall is approximately portrayed by them. Furthermore, the temporal evaluation of Cs and the spatial structure of Es indicate that two distinct rainfall modes emerge from this EOF analysis: east Taiwan and west Taiwan modes. To further confirm the distinction between these two rainfall modes, we construct histograms of the monthly mean rainfall accumulated over all ARMTS stations included in E1 and E2, respectively, and display these histograms underneath the C1 and C2 time series, respectively. The contrast between these two rainfall eigenmodes clarifies that the summer monsoon rainfall over Taiwan can be represented by the first eigenmode and the winter monsoon rainfall by the second eigenmode. In summary, the seasonal variation of rainfall is basically formed by an east-west seasonal seesaw between a west Taiwan rainfall mode in summer and an east Taiwan rainfall mode during fall.
b. Identification of rainfall regime
Regardless of the concise and quick view of the Taiwan rainfall seasonal variation obtained by the EOF analysis presented in section 5a, this approach faces the following deficiencies.
1) Comparing the two principal eigenmodes of Taiwan rainfall with the yearly mean daily rainfall of ARMTS stations (Fig. 1a) , one can find easily that the stations in the Taipei valley do not appear in these two eigenmodes. Evidently these ARMTS rainfall stations cannot be represented by the first two eigenmodes.
2) The first two principal eigenmodes of Taiwan rainfall identified by the EOF analysis are the product of mathematical manipulation. Can the transition of Taiwan rainfall from one season to another properly be depicted by these two EOF modes only?
These two concerns will be answered by the following four different rainfall regimes (Fig. 9) identified with the rainfall histograms of ARMTS stations in different regions over the year:
1) spring-summer regime with a rainfall maximum in May (Fig. 9a) , 2) summer regime with a rainfall maximum in August ( Fig. 9b ), 3) summer-fall regime with double maxima in July and November (Fig. 9d) , and 4) fall-spring regime with a rainfall maximum in November (Fig. 9c) .
The ARMTS stations (indicated by a number in each panel of Fig. 9 ) whose rainfall seasonal variations are characterized by any one of the four rainfall regimes are plotted in one chart. The rainfall histograms of all stations belonging to the same rainfall regime are combined to form a single one shown in the lowerright column of each panel in Fig. 9 . Also displayed in each panel are the monthly mean surface wind vectors observed by the 18 preexisting surface stations for the maximum rainfall month for a given rainfall regime. The contrast between surface winds and rainfall may reveal the relationship between the transition of rainfall regimes and the monsoon circulations. Since the major rainfall of Taiwan occurs in summer (Fig. 2c) , let us first highlight the salient features of Fig. 9b (the summer rainfall regime). 1) SUMMER REGIME (FIG. 9b) As indicated by the monsoon index of surface wind at Penhu, west Taiwan is dominated by weak monsoon southwesterlies. The blockage of these warm moist southwesterlies by the central mountain range enhances rainfall occurrence in west Taiwan (as shown by the first eigenmode of Taiwan rainfall). Note that even though the monsoon southwesterlies can reach northeast Taiwan, they do not support the formation of rainfall.
2) SUMMER-FALL REGIME (FIG. 9d) The ARMTS stations characterized by the double rainfall maxima in July and November are mainly located in east Taiwan including the Lanyang valley (located in northeast Taiwan). Superimposed on Fig. 9d are the monthly mean July (instead of November) surface wind vectors. The July maximum rainfall indicates the effect of the summer monsoon southwesterlies on the rainfall in this region, while the November rainfall maximum reflects the intrusion of the winter monsoon (which begins in fall) into eastern Taiwan (as shown by the monthly mean November wind vectors shown in Fig. 9c ).
3) WINTER-SPRING REGIME (FIG. 9c) The winter northeast monsoon flow does not seem to affect the rainfall in the southeast and the entire western section of Taiwan. In contrast, the blockage of the winter monsoon northeasterlies by the central mountain range results in the November maximum rainfall over northeast Taiwan, including the Lanyang and Taipei valleys. As revealed by the monsoon index of surface wind at Penhua, the surface northeasterlies still prevail in spring. During this time period, the rainfall histogram indicates that noticeable rainfall exists in northeast Taiwan, too. Comparing the rainfall histograms in Figs. 9c and 8c, this rainfall regime is similar to the second eigenmode of Taiwan rainfall. 4) SPRING-SUMMER REGIME (FIG. 9a) After the onset of the Mei-yu season in the middle of May, the summer monsoon rain normally begins in west Taiwan. Since the monthly mean surface winds in May are still dominated by northeasterlies, it is not surprising that Taiwan rainfall during the late spring occurs over northwest Taiwan. Apparently, the Taiwan rainfall during this monsoon transition season exists there before the arrival of the Mei-yu front.
Based upon the EOF analysis and the rainfall regime identification, we obtain the following major findings concerning the seasonal variation of Taiwan rainfall.
1) The rainfall histograms in the fall-spring (Fig. 9c) and summer-fall (Fig. 9d ) rainfall regimes combined are close to that of the east Taiwan mode (Fig. 8c) , while those in the spring-summer (Fig.  9a) and summer ( Fig. 9b ) regimes combined are similar to the rainfall histogram of the west Taiwan mode (Fig. 8a) . Nevertheless, the number of ARMTS stations included in each rainfall regime shows that the summer and winter-spring regimes dominate the west Taiwan and the east Taiwan mode, respectively. 2) The transition of Taiwan rainfall regimes is geographically a counterclockwise rotation of the four rainfall regimes around this island in the following order: (a) spring-summer regime, (b) summer regime, (c) summer-fall regime, and (d) fall-spring regime.
In spite of the small geographic size of Taiwan, the seasonal variation of rainfall over this island interestingly exhibits a complicated, but orderly, pattern due to its special geographic structure and the climatic influence of two monsoons. A better understanding of seasonal variation in Taiwan rainfall is certainly important in the planning of many human activities such as agriculture, transportation, commerce, fishery, and so on. However, for climate research, the well-documented seasonal variation of Taiwan rainfall would facilitate our exploration of the interannual variation of regional rainfall and its physical link with the interannual variation of the large-scale circulation over the Asian monsoon region. Additionally, the existence of four Taiwan rainfall regimes provides us with an excellent example for testing the orographic effect on regional climate simulations.
Concluding remarks
Using the ARMTS rainfall observations supplemented with surface station data in Taiwan, we are able to examine the diurnal and seasonal variations of Taiwan rainfall. The major preliminary results of our effort may be summarized as follows.
a. Diurnal variation
The convergence of surface mass flux (which reflects the land-sea breeze circulation) reaches its maximum at 1400 LST, while rainfall attains a pronounced peak value at 1600 ~ 1700 LST. This 2 ~ 3-h lag may be the time period needed for the atmosphere to become saturated. As observed by previous studies, the maximum convection over a large tropical island usually occurs during the late evening and midnight. Apparently, the maximum daily rainfall in Taiwain is several hours ahead. This difference in the timing of maximum convection between Taiwan and other tropical land masses may suggest that the interaction between mountains and the land-sea breeze circulation in Taiwan may regulate the timing of the maximum daily rainfall.
b. Semidiurnal variation
Taiwan rainfall exhibits a bimodal daily variation that coincides with the semidiurnal variation of surface pressure. Actually, most of the ARMTS stations having a clear bimodality in their rainfall variation are located on the western slope of the Taiwan central mountain range. The surface pressure tendency analysis infers that the bimodality of the rainfall daily variation is not caused by the semidiurnal tide. The early morning maximum rainfall at 0500 LST may be induced by nocturnal drainage flow formed by the combination of the land breeze and the downslope wind from the Taiwan central mountain range.
c. Seasonal variation
The response of the Taiwain climate to the alternation of the winter northeasterly and summer south-westerly east Asian monsoons is an annual east-west seesaw of rainfall between east and west Taiwan. Accompanying this basic seesaw oscillation is a counterclockwise rotation of four rainfall regimes around the island to form the seasonal transition of rainfall over a 1-yr cycle. The short-term quasiperiodic climate change in Taiwan is not only limited to diurnal and seasonal variations, but also intraseasonal low-frequency oscillations. These oscillations may include, for instance, the 10-20-day mode in winter (e.g., Pan 1987) and the 30-60-day north-south oscillation of the Mei-yu front (e.g., Chen and Murakami 1988) . The effects of these intraseasonal oscillations on Taiwan rainfall need further study using the ARMTS rainfall data.
The preliminary results of our analyses with the ARMTS rainfall data also suggest some extension of our effort to substantiate the following hypotheses: 1) the possible timing regulation of the maximum daily rainfall in Taiwan by the interaction between the mountain and the land-sea breeze circulation, 2) the possible enhancement of cumulus convection over the slopes of the Taiwan central mountain range by nocturnal drainage flow to generate the early morning rainfall maximum, and 3) the orographic effect of the central mountain range on the seasonal transition of monsoon rainfall in Taiwan.
Hypotheses 1 and 2 may be tested through a finemesh mesoscale model equipped with a sensitive diurnal convection scheme. For hypothesis 3, we may simulate the seasonal variation of Taiwan rainfall with a coupled globe-regional climate model.
As stated by Hsu (1998) , the original goal of developing the ARMTS network in Taiwan is to provide real-time rainfall and meteorological data for weather watches and the prediction of heavy rain events. Undoubtedly, the ARMTS data are extremely useful in dealing with the rainfall associated with severe weather systems. However, as demonstrated in this study, the ARMTS network can also furnish very dense high quality rainfall data over a subtropical island (within the east Asian monsoon system) for microclimate research. Conducting a special field experiment over a long time period to collect and compile high-density rainfall data in space and time over a region with complex weather and climate systems is a heavy financial burden. Fortunately, the Taiwan's ARMTS offers the meteorological community an unprecedented network of rainfall and meteorological data collection. Since an ARMTS rainfall dataset has been compiled and is available, it is our hope that this dataset will be widely used for further research of the monsoon microclimate.
